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Neuronal Interleukin-4 as a Modulator of Microglial
Pathways and Ischemic Brain Damage
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After ischemic stroke, various damage-associated molecules are released from the ischemic core and diffuse to the ischemic penumbra,
activating microglia and promoting proinflammatory responses that may cause damage to the local tissue. Here we demonstrate using in
vivo and in vitro models that, during sublethal ischemia, local neurons rapidly produce interleukin-4 (IL-4), a cytokine with potent
anti-inflammatory properties. One such anti-inflammatory property includes its ability to polarize macrophages away from a proinflam-
matory M1 phenotype to a “healing” M2 phenotype. Using an IL-4 reporter mouse, we demonstrated that IL-4 expression was induced
preferentially in neurons in the ischemic penumbra but not in the ischemic core or in brain regions that were spared from ischemia. When
added to cultured microglia, IL-4 was able to induce expression of genes typifying the M2 phenotype and peroxisome proliferator
activated receptor � (PPAR�) activation. IL-4 also enhanced expression of the IL-4 receptor on microglia, facilitating a “feedforward”
increase in (1) their expression of trophic factors and (2) PPAR�-dependent phagocytosis of apoptotic neurons. Parenteral administra-
tion of IL-4 resulted in augmented brain expression of M2- and PPAR�-related genes. Furthermore, IL-4 and PPAR� agonist adminis-
tration improved functional recovery in a clinically relevant mouse stroke model, even if administered 24 h after the onset of ischemia. We
propose that IL-4 is secreted by ischemic neurons as an endogenous defense mechanism, playing a vital role in the regulation of brain
cleanup and repair after stroke. Modulation of IL-4 and its associated pathways could represent a potential target for ischemic stroke
treatment.
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Introduction
Under normal conditions, the neurovascular unit (NVU) as a
whole generates a signaling circuit whereby a defined set of sig-
naling molecules supporting the functionality and integrity of the
unit are expressed. In response to brain injury—for instance,

ischemia resulting from cerebral blood vessel occlusion—this
homeostatic signaling circuit could be altered or entirely lost.
Neurons demonstrate a unique susceptibility to ischemic
damage (Baron et al., 2014) and, in response to overwhelming
ischemia, may actively (or passively, via lost cell integrity)
secrete signaling molecules that signal “danger,” often re-
ferred to as damage-associated molecular patterns (DAMPs).
By activating various pattern-recognition receptors, DAMPs
propagate proinflammatory responses, primarily by activating
neighboring microglia (Takeuchi and Akira, 2010). Proin-
flammatory mediators, proteases, and free radicals are ulti-
mately elaborated, aggravating ischemia-mediated brain
damage and even resulting in neuronal loss (Iadecola and An-
rather, 2011; An et al., 2014).

Received April 29, 2015; revised June 29, 2015; accepted July 6, 2015.
Author contributions: X.Z., H.W., N.J.E., and J.A. designed research; X.Z., H.W., G.S., J.Z., and J.A. performed

research; X.Z. and J.A. analyzed data; X.Z., N.J.E., and J.A. wrote the paper.
The project was supported by National Institutes of Health/National Institute of Neurological Disorders and

Stroke Grant 1R01NS084292.
The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Jaroslaw Aronowski, University of Texas– Houston, Medical School,

Houston, TX 77030. E-mail: J.Aronowski@uth.tmc.edu.
DOI:10.1523/JNEUROSCI.1685-15.2015

Copyright © 2015 the authors 0270-6474/15/3511281-11$15.00/0

Significance Statement

Depending on the activation signal, microglia/macrophages (M�) can behave as “healing” (M2) or “harmful” (M1). In response
to ischemia, damaged/necrotic brain cells discharge factors that polarize M� to a M1-like phenotype. This polarization emerges
early after stroke and persists for days to weeks, driving secondary brain injury via proinflammatory mediators and oxidative
damage. Our study demonstrates that, to offset this M1-like polarization process, sublethally ischemic neurons may instead
secrete a potent M2 polarizing cytokine, interleukin-4 (IL-4). In the presence of IL-4 (including when IL-4 is administered exog-
enously), M� become more effective in the cleanup of ischemic debris and produce trophic factors that may promote brain repair.
We propose that IL-4 could represent a potential target for ischemic stroke treatment/recovery.
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Conversely, there is a growing body of literature supporting
the notion, as originally proposed by Lo (2008), that sublethally
injured tissue (e.g., penumbra) may sustain plasticity and the
ability to participate in the repair process. Under these condi-
tions, neurons may act as “first responders,” secreting signaling
molecules that support tissue healing and repair rather than po-
tentially deleterious proinflammatory ones (Christopherson et
al., 2005; Xing et al., 2014; Neumann et al., 2015). One molecule
that may be a part of this endogenous neuronal defense mecha-
nism is interleukin-4 (IL-4). IL-4, a product of select immune
cells, is a pleiotropic cytokine involved in the regulation of diverse
immune and inflammatory responses (Martinez et al., 2009;
Luzina et al., 2012). One of the most intriguing properties of IL-4
is that it polarizes macrophages toward the phenotype that is
often termed M2 (or alternatively activated). M2 macrophages
aid in the resolution of inflammation via increased trophic input
and the augmentation of phagocytosis and proteolysis of dead,
diseased cells/proteins, ultimately paving the way for tissue repair
(Zhao et al., 2007; Balce et al., 2011; Sica and Mantovani, 2012).
Numerous animal model studies representing a vast array of neu-
rological diseases suggest that IL-4 may act as a therapeutic factor
(Lyons et al., 2007; Ponomarev et al., 2007; Clarke et al., 2008;
Xiong et al., 2011; Gadani et al., 2012). It has also been postulated
that activation of the IL-4 receptor (IL-4R) by IL-4 itself leads to
activation of the transcription factor peroxisome proliferator ac-
tivated receptor � (PPAR�). Augmentation of PPAR� and its
pathways—in part by modulating the function of microglia, the
resident macrophages of the CNS— has been demonstrated to
reduce brain injury after ischemic and hemorrhagic stroke (Luo
et al., 2006; Tureyen et al., 2007; Zhao et al., 2007, 2009b).

For the present study, we hypothesized that, in response to
sublethal ischemia (e.g., in the area of the ischemic penum-
bra), neurons would synthesize IL-4. IL-4 would then modu-
late microglial function by polarizing microglia to an M2
“healing” phenotype. M2 signaling pathways would be acti-
vated, resulting in augmentation of phagocytosis-mediated
tissue cleanup. We also hypothesized that enhancing such
cleanup processes in an animal model of ischemic stroke may
result in improved functional recovery.

Materials and Methods
All animal studies followed the guidelines outlined in Guide for the Care
and Use of Laboratory Animals from the National Institutes of Health and
were approved by the Animal Welfare Committee of the University of
Texas Health Science Center at Houston. All studies were performed
using a randomization approach, and all analyses were performed by
investigators blinded to treatment assignments. Animals were fed a stan-
dard mouse diet and housed in standard mouse cages on a 12 h inverted
light/dark cycle. Behavioral analyses were performed from the hours of
10:00 A.M. to 4:00 P.M.

Ischemia model in mice. Focal ischemia was induced by unilateral oc-
clusion of the left middle cerebral artery (MCA) and the left common
carotid artery (CCA) (MCA/CCAo), as we have described previously
(Aronowski et al., 2000; Zhao et al., 2009b). Briefly, male C57BL/6 mice
(10 –12 weeks old) or IL-4 – green fluorescent protein (GFP) reporter
mice (C.129-Il4tm1Lky/J; The Jackson Laboratory) were anesthetized with
0.35 g/kg chloral hydrate intraperitoneally. The rectal temperature was
maintained at 36.5 � 0.5°C during the induction of ischemia and
throughout the first hour of reperfusion using a feedforward tempera-
ture controller (YSI model 72). An incision was made through the left
temporalis muscle perpendicular to a line drawn between the external
auditory canal and the lateral canthus of the left eye. Under direct visu-
alization with the surgical microscope, a burr hole was drilled at 1.2 mm
rostral to the fusion of the zygomatic arch with the squamosal bone to
expose the left MCA rostral to the rhinal fissure. A 0.005-inch-diameter

stainless steel wire (Small Parts) was placed underneath the left MCA,
proximal to the major bifurcation of the MCA, and distal to the lenticu-
lostriate arteries. The artery was then lifted, and the wire was rotated
clockwise. The left CCA was occluded using atraumatic Heifetz aneu-
rysm clips. Reperfusion after 60 min of occlusion was established by first
removing the aneurysm clips from the CCA and then rotating the wire
counterclockwise and removing it from beneath the MCA. Interruption
of flow through the MCA was inspected under the microscope and ver-
ified using a laser Doppler flowmeter (model BPM2; Vasamedics). The
incision on the skin was closed by a 26 gauge cutting needle with nylon
suture (5.0) using simple interrupted pattern. The infarction in this
model is limited to the cortical tissue and is used to model MCA stroke in
humans.

IL-4 reporter mice to study expression of IL-4. To determine at a single-
cell level the IL-4 expression pattern in the brain after ischemia, we used
the “IL-4/enhanced GFP (EGFP)– enhanced transcript” (4Get) allele
mice (C.129-Il4tm1Lky/J; The Jackson Laboratory). The 4Get mouse has a
bicistronic IRES–EGFP reporter cassette inserted between the transla-
tional stop codon and the 3� UTR of the Il4 gene, thus expressing the
endogenous IL-4 gene and EGFP (Mohrs et al., 2001; King and Mohrs,
2009).

To determine the exact cell type expressing IL-4 in the brain after
ischemia, we subjected 4Get mice to 30 min of MCA/CCAo, and, 24 h
later, we intracardially perfused the mice with saline, followed by 4% For-
malin. Dissected brains were cryopreserved in 50% sucrose in PBS before
snap freezing and cryosectioning. The sections (10-�m-thick) were treated
with sodium citrate buffer (10 mM sodium citrate and 0.05% Tween 20, pH
6.0) for 10 min and then the neurons and EGFP were labeled with anti-NeuN
(MAB377; Millipore) and anti-GFP (632592; Clontech) antibodies, respec-
tively. The NeuN- and GFP-immunopositive cells were visualized using goat
anti-mouse IgG–Alexa Fluor 546 and goat anti-rabbit IgG–Alexa Fluor 488,
and the nuclei were stained with DAPI.

Tissue harvesting. Animals were anesthetized deeply with chloral hy-
drate (0.5 g/kg, i.p.) and perfused intracardially with ice-cold PBS. Sub-
sequently, for histology or biochemical analyses, the whole brains or the
subdissected tissues representing cortices affected by ischemia were snap
frozen by submersion in �80°C 2-methylbutane and then stored in a
�80°C freezer before cryosectioning, RNA isolation, or protein analyses.

RNA isolation and RT-PCR. The ipsilateral cortices around the infarction
area were dissected on ice, snap frozen, and processed for mRNA extraction
using TRIzol reagents. The primary brain cells in culture were harvested and
washed with PBS and then lysed in TRIzol reagent. RT-PCR analyses were
done as described previously (Zhao et al., 2006, 2007, 2009a,b). We used
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene as an internal
standard. The sequences of primers are listed in Table 1. Measurements of
the gene products were normalized to the optical density of GAPDH bands.
The results were calculated as percentage change over the control (naive
animal, in vivo).

Primary cortical neuron cultures. The cortices of E18 prenatal embryos
were dissected and dissociated by trituration as we described previously
(Kim et al., 2004; Zhao et al., 2009b), with some modification. The dis-
sociated cells were plated on poly-L-lysine-coated culture plates in Neu-
robasal medium with B27 at 300 –700 cells/mm 2. The cells were
maintained in a CO2 incubator (5% CO2, 21% O2) at 37.0 � 0.5°C. Half
of the culture medium was changed every 2 d. After a total of 9 –12 d in
culture, the neuronal cells form extensive axonal and dendritic networks
and are ready for the experiments. Using MAP2 immunofluorescence,
we confirmed that �90% of living cells were MAP2-expressing neurons.

Astrocytes/oligodendrocytes/microglia cultures. The individual primary
cortical glia cell culture was isolated and purified from the rat brain
cocultures using P1–P2 pups, as we described previously (Zhao et al.,
2007). First, the cells from brain cortices were seeded in 75 cm 2 TC flasks
and cultured for 14 d. The loosely adherent microglia were harvested
from the culture medium after a slight shaking step. After a centrifuga-
tion at 400 � g for 5 min, the microglia were collected and replated onto
poly-L-lysine-coated TC plates, with or without 12-mm-diameter Ger-
man glass, at a density of 2–5 � 10 5 cells/ml. After removing the micro-
glia, the coculture flasks were shaken continuously at a speed of 220 rpm
for 30 min to remove the other loosely attached cells, including microglia
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and some proliferating cells (the cells at the proliferating stage were usu-
ally attached loosely to the astrocyte layer and thereby relatively easily
shaken off). Then, the coculture flasks were changed into fresh culture
medium and agitated at 220 rpm for 16 –20 h to harvest the oligodendro-
cytes. After the above shaking steps, the tightly attached cell layer on the
tissue culture flasks primarily consisted of astrocytes.

Using immunolabeling for microglia [cluster of differentiation 68
(CD68), MCA341; Serotec], oligodendrocytes (OSP, Ab7474; Abcam),
and astrocytes (GFAP, G3893; Sigma-Aldrich), we confirmed that the
microglia cultures at 24 h after replating were �96% CD68 positive; the
oligodendrocyte-rich cultures were �84% pure, and the astrocyte-rich
cultures were �90% pure.

Oxygen– glucose deprivation injury model. Nine- to 12-d-old primary
cortical neurons in culture were subjected to oxygen– glucose depriva-
tion (OGD) injury, as we reported previously (Zhao et al., 2009b).
Briefly, the culture media were replaced with Neurobasal medium (In-
vitrogen) without glucose, and the cultures were placed in a gas-tight
humidified chamber filled with 5% CO2/95% N2 for 15 min, 30 min, 2 h,
or 24 h. At the end of OGD, glucose at 4.5 mg/ml was added into the
culture dish, and the cells were then returned to their original culture
condition and incubated for 6 –24 h for reperfusion.

Determination of lactate dehydrogenase activity. The degree of cell in-
jury was assessed by determining the amount of lactate dehydrogenase
(LDH) released into the culture medium using an LDH assay kit (Pro-
mega; Zhao et al., 2009b).

Immunofluorescence of MAP2. MAP2 immunofluorescence was per-
formed using the procedure as we described previously (Zhao et al.,
2007). Briefly, the rat cortical neurons grown on German glass were fixed
with 95% methanol containing 5% acetic acid for 10 min at �20°C and
incubated in mouse anti-MAP2 (M4403; Sigma-Aldrich) overnight at
4°C. Rabbit anti-mouse IgG–Alexa Fluor 488 (Invitrogen) was used to
visualize MAP2-labeled neurons. The nuclei were visualized with DAPI.

Phagocytosis assay for dead neurons. The isolated cortical neuronal cells
from E18 prenatal rat pups were seeded on 100 mm culture dishes and
cultured in vitro for 5 d. Then, the neurons were subjected to gamma
irradiation (20 Gy) to induce apoptosis and then incubated in the CO2

cell culture incubator for 48 h, followed by a short incubation with 1
�g/ml propidium iodide (PI) for nuclear labeling to help visualize apo-
ptotic cells under the epifluorescence microscope, after their engulfment
by the microglia. After washing in PBS, the PI-labeled dead neurons were
resuspended in Neurobasal medium at 1–5 � 10 8 cells/ml and used as an
indicator/target of phagocytosis.

Three hours after exposing the microglia to the PI-labeled dead neu-
rons, the cells were fixed in 2% paraformaldehyde for 2 min. After a short
permeabilization with 0.1% Triton X-100, the cells were labeled with
phalloidin–FITC (Invitrogen) to define the shape of individual microglia
and Hoechst 33258 to label nuclei. Number of PI-labeled nuclei per
microglial cell was determined visually under the fluorescence micro-
scope. We counted 50 microglial cells per each experimental condition.

Table 1. Sequences of primers

Primer sequence Product size (bp)
GenBank accession
number

Primer
location

IL-4
Forward, accttgctgtcaccctgttc 316 NM_201270 47-
Reverse, gtgagttcagaccgctgaca �361

IL-4R
Forward, tcacagcagtcctggcatag 389 NM_133380 2993-
Reverse, ccacagttcccttgtggtct �3381

GAPDH
Forward, agacagccgcatcttcttgt 323 X02231 24-
Reverse, tactcagcaccagcatcacc �346

Synaptophysin
Forward, gactgagtggaggaggcttg 315 NM_012664 1441-
Reverse, accccacttctacccttgct �1755

Neurofilament L
Forward, aaaggtgcacgaggaagaga 362 NM_031783.1 743-
Reverse, tgtctgcattctgcttgtcc �1104

GFAP
Forward, ggatgtgatgtgaggtgtgc 433 NM_017009 1306-
Reverse, cctcgggatcttttcctttc �1738

MBP
Forward, acttggccacagcaagtacc 312 M25889 84-
Reverse, tgtctcttcctccccagcta �395

CD68
Forward, aatgtgtccttcccacaagc 328 NM_001031638 712-
Reverse, agaggggctggtaggttgat �1039

TGF-�
Forward, gacctgctggcaatagcttc 468 NM021578 129-
Reverse, gactggcgagccttagtttg �596

IL-10
Forward, tccttggaaaacctcgtttg 477 NM012854 662-
Reverse, gctttcgagactggaagtgg �1138

CD163
Forward, catgtctctgaggctgacca 286 XM_232342 2518-
Reverse, gctggcttgtctctgtttcc �2803

CD206
Forward, aacaagaatggtgggcagtc 389 NM_008625.2 2653-
Reverse, cctttcagtcctttgcaagc �3041

CD204
Forward, ggaacactcacagacgctga 305 NM_001191939 777-
Reverse, gtccgctaccatcaaccagt �1081

CD36
Forward, gcaaagaaggaaagcctgtg 329 NM_031561 1231-
Reverse, gcccaggagctttattttcc �1559

PPAR�
Forward, accaacttcggaatcagctc 210 NM013124 169 –378
Reverse, aggctctactttgatcgcac

LPL
Forward, cagctgggcctaactttgag 309 NM_012598 725-
Reverse, tgctggggttttcttcattc �1033

�-Actin
Forward, ggtgtggtcagccctgtagt 157 V01217 2897-
Reverse, cagtgaggccaggatagagc �3053

p50
Forward, agcaaccgaaacagagagga 372 XM_342346 597-
Reverse, gcaccagaagtccagggtta �968

C-Rel
Forward, aggcccttctaggaatggaa 257 X15842 16 –272
Reverse, tcagtcagccaaccagtgag

MMP-9
Forward, agggtcggttctgacctttt 422 NM031055 2403–2824
Reverse, gtccggtttcagcatgtttt

IL-1�
Forward, caggaaggcagtgtcactca 339 NM031512 256-
Reverse, gggattttgtcgttgcttgt �594

(Continued)

Table 1. Continued

Primer sequence Product size (bp)
GenBank accession
number

Primer
location

IGF-1
Forward, ccgctgaagcctacaaagtc 317 NM_001082477 314-
Reverse, ggaaatgcccatctctgaaa �630

CNTF
Forward, caccccaactgaaggtgact 494 NM_013166 371-
Reverse, gggtgcacacatttgcatag �864

NGF-1
Forward, ggacgcagctttctatcctg 496 XM_003749364 140-
Reverse, gtccgtggctgtggtcttat �635

BDNF
Forward, gcggcagataaaaagactgc 496 M61175 526-
Reverse, aagttgtgcgcaaatgactg �1021

Catalase
Forward, atgcaaagggagcaggtg 576 M11670 307–964
Reverse, aatgggaaggtttctgcc
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Microglia were preincubated with IL-4 or rosiglitazone (ROS) for 16 h
before adding the PI-labeled dead neurons, the targets of phagocytosis.

Image capture and cell counting. A Zeiss Axioskop 2 microscope
equipped with CCD camera and operated by MetaMorph 7.4 software
was used for image acquisition. The fluorescence-labeled cells were visu-
alized and captured using excitation/emission of 490/520 nm for phal-
loidin–FITC or Alexa Fluor 488, excitation/emission of 550/575 nm for
PI-labeled dead neurons or Alexa Fluor 546, and excitation/emission of
365/480 nm for Hoechst 33258 or DAPI. To determine the phagocytosis
capacity of the microglia toward the PI-labeled dead neurons, we used a
motorized stage and program (MetaMorph software 6.2) that allows
image stitching. This computer-controlled image acquisition system per-
mits automatic and unbiased cell counting. Three independent cell cul-
ture samples (grown on 12-mm-diameter German glass coverslips) were
used for each analysis. Sixteen images from each coverslip were captured
under 40� objective for a total area of 1.2 mm 2. Fifty microglial cells
from the image were observed for each condition, and the number of
PI-positive neuronal nuclei in each microglia was counted manually on
still images. The average number of phagocytosed dead neurons (PI-
labeled nuclei � dead neurons) within each microglia was calculated and
used to determine the phagocytosis index.

Western blot. The protein amount was determined using immunoblot,
as we described previously (Zhao et al., 2007). Rabbit anti-IL-4R� (sc-
686; Santa Cruz Biotechnology) or chicken anti-GAPDH (AB2302; Mil-
lipore) immunopositive bands were visualized with ECL (Pierce).
Semiquantification of luminescence signal intensity on x-ray film was
determined by the analyses of optical density, using a computer-assisted
Kodak analysis (EDAS) 290 system.

Transfection of IL-4 promoter-driven luciferase reporter plasmids. To
determine the IL-4 gene expressing activity in the primary neuronal cul-
tures, we transfected 1 �g of murine IL-4 promoter luciferase plasmids
(plasmid 12195, Addgene; gift from Anjana Rao, La Jolla Institute, San
Diego, CA) (Macián et al., 2000) using JetPEI (PolyPlus Transfection)
into the 9-d-old primary rat neuron cultures. After 24 h of incubation,
the cells were exposed to 15 min of OGD, oxygen deprivation (OD), or
glucose deprivation (GD). The cells were rinsed in HBSS after 24 h rep-
erfusion and harvested in 1� lysis reagent for luciferase activity assay
using the Luciferase Assay System (E1500; Promega). The luciferase ac-
tivity (OD) was read using TD-20/20 Luminometer (DLR) and expressed
as fold changes over the vehicle control (JetPEI only).

IL-4 ELISA. The amount of IL-4 in the culture medium was measured
using Rat IL-4 Platinum ELISA kit (eBioscience) using the standard at
0 –100 pg/ml, according to the instructions of the manufacturer.

Conditioned medium transfer. The medium from the cultured neurons
that were exposed to 30 min OGD (or media without OGD, control)
followed by 24 h of incubation under normal conditions (representative
of “reperfusion”) was harvested and centrifuged at 400 � g for 5 min. The
supernatant was transferred to culture wells containing microglia and
incubated for 24 h before harvesting microglia for mRNA analyses.

ROS, GW9662, or IL-4 administration. For the animal experiments,
ROS (Cayman Chemicals) at 1 mg � kg �1 � d �1 was administered intra-
peritoneally at 24 h, 2 d, 3 d, and 4 d after ischemic stroke injury. Recom-
binant mouse IL-4 (rIL-4, CYT-282; PROSPEC) at 2 �g � kg �1 � d �1 was
administered subcutaneously at 2 h and then 1, 2, and 3 d after ischemic
stroke for the “acute” treatment experiment and alternatively at 24 h and
then 2, 3, and 4 d for the “delayed” treatment experiment. Saline was used
as the vehicle control. For the cell culture experiments, 2 �M GW9662
(GW) was applied to the microglia culture medium at 30 min before
adding ROS or IL-4. rIL-4 at 1 ng/ml or 2 �M ROS was applied directly
into the culture medium at 16 h before the cells were exposed for phago-
cytosis assay.

Neurological/functional deficits measurement. All behavioral tests in
mice were conducted in a quiet and low-lit room by an experimenter
blinded with respect to the treatment groups. Pretests were done to ex-
clude abnormal animals. Only animals with �20% foot faults and ani-
mals that had no preference in forelimb placing were used for the MCA/
CCAo injury experiment. An individual test score and a combination test
score from a battery of behavioral tests (foot fault, forelimb placing,
postural flexing, wire and corner test) was used to measure the neurolog-

ical/functional deficits (NDs) as we reported previously (Zhao et al.,
2007; Zhao et al., 2009b). We also determined the grand NDs score
(NDS) by combining all the tests, assuming an equal weight of each of the
tests.

Cortical tissue loss (atrophy) measurement. The infarction volume was
measured as we described previously (Waxham et al., 1996; Aronowski et
al., 2000). Briefly, the mice were deeply anesthetized with chloral hydrate
(0.5 g/kg, i.p.), perfused intracardially with 50 ml of ice-cold PBS, and
then decapitated. The brain was removed, rinsed in PBS, and sliced into
2 mm sections. The image of each section was captured using a digital
camera, and the tissue loss (cavity size) was determined using a
computer-interfaced NIH ImageJ program. The lesion volume repre-
sents the integrated infarction size derived from the four rostral sections.
The lesion area is a surface area of the lost tissue (at the two sides of each
section) from these four sections.

Statistical analyses. All data were expressed as a mean � SEM. For the
in vitro experiments, we pooled the samples from three culture wells and
repeated the experiments three times. We performed statistical analyses
using the GraphPad and InStat programs. One-way ANOVA followed by
Newman–Keuls post hoc test was used for multiple comparisons. Non-
paired t test was used when two groups were compared. Two-way
ANOVA was used to compare the NDs between the three groups at
different time points.

Results
Neuronal IL-4 is present in the ischemic penumbra after
focal ischemia
During analyses of mouse brain at various time points of reper-
fusion after 60 min of transient MCA/CCAo, we discovered that
ischemia resulted in a rapid and robust induction of the IL-4
gene, with a significant increase noted as early as 1 h after reper-
fusion (Fig. 1A). The peak of IL-4 mRNA induction occurred
between 3 and 24 h, followed by a gradual decline to the baseline
level over the next 2 d. Interestingly, the induction of IL-4 oc-
curred much earlier than the appearance of CD68 mRNA, a sen-
sitive biomarker for monocytes/microglia, the cell type that is
thought to be the first recruited to stroke-affected brain (Gelder-
blom et al., 2009).

Intrigued by this finding, we set out to identify what brain cell
type was contributing to IL-4 expression in the ischemic brain.
To answer this question, we used the IL-4 –EGFP reporter mice.
In these mice, IL-4 gene induction at the single-cell level could be
identified by the presence of EGFP. We subjected these mice to 30
min of MCA/CCAo and 24 h of reperfusion, and, by analyzing the
presence of EGFP, we noted a robust induction of IL-4 expression
only in the cells surrounding the ischemic core (IC) within the
ipsilateral cortex. No notable expression of EGFP was present in
the contralateral cortex, suggesting that IL-4 expression was
tightly linked to ischemia-affected tissue (Fig. 1B). To our sur-
prise, virtually all the EGFP-expressing cells were identified as
neurons based on colocalization with the neuronal marker NeuN
(Fig. 1B,C).

Because short 30 min MCA/CCAo is known to result in con-
siderably mild injury (Waxham et al., 1996), we next wanted to
establish whether longer more damaging ischemia is also capable
of inducing IL-4 expression. To address this question, we sub-
jected animals to 30 or 120 min of ischemia and measured IL-4
gene expression at 24 h after the onset of ischemia. As anticipated,
120 min of ischemia resulted in a significantly diminished IL-4
induction compared with 30 min of ischemia (Fig. 2A,B), sug-
gesting that a sublethal insult is more potent in inducing IL-4
expression.

Altogether, our studies strongly suggest that neurons under
sublethal ischemic conditions can produce IL-4.
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Sublethal level of OGD induces IL-4 generation by neurons
To further understand the relationship between ischemia and
IL-4 production, we used an OGD injury model to simulate isch-
emic events in primary neuronal culture. First, we exposed neu-
rons in culture to various durations of OGD and established that
30 min of transient OGD results in a low to moderate degree of
damage (potentially modeling ischemic penumbra) compared
with 2 or 24 h of OGD that resulted in more devastating injury

(potentially modeling ischemic core; Fig. 3A). Under the as-
sumption that ischemia can induce expression of IL-4, we mea-
sured IL-4 gene expression in neurons after exposing them to an
increasing duration of OGD. Similar to the MCA/CCAo results,
we found that 30 min of OGD potently induced the expression of
IL-4 mRNA (Fig. 3B). We also detected a corresponding increase
in IL-4 protein (ELISA) in the neuronal culture media (Fig. 3C).
These results indicate that neurons subjected to sublethal isch-
emia can synthesize and secrete IL-4. Finally, using an IL-4
promoter-driven luciferase reporter gene assay, we confirmed the
induction of the IL-4 gene by neurons in response to transient/
sublethal OGD (Fig. 3D). Interestingly, the secretion of IL-4 by
neurons persisted for several hours and led to a gradual accumu-
lation of IL-4 in the culture media. By 24 h after functional “rep-
erfusion,” the IL-4 in the culture medium reached 37.9 pg/ml
(Fig. 3E). As anticipated, a lethal dose (2 or 24 h) of OGD-
mediated injury failed to induce IL-4 expression/release by the
injured neurons (Fig. 3B,C). These findings substantiate the re-
sults noted in the ischemic brain model (Fig. 1), essentially that
neurons under the proper injury conditions will produce and
secrete IL-4. Neurons in the ischemic penumbra can generate
IL-4, whereas neurons in severely injured/dead tissue (ischemic
core) do not.

Finally, by assessing the gene induction profile in cultured
astroglia, oligodendroglia, microglia, or neurons after exposure
to brief OGD, we found that only neurons, not other cell types,
expressed the IL-4 gene (Fig. 3F).

rIL-4 and media conditioned by OGD-exposed neurons
modulates expression of markers of microglial polarization
It has been established previously that IL-4, acting through the
IL-4R on macrophages, can polarize macrophages from the pro-
inflammatory M1 phenotype to the anti-inflammatory healing
M2 phenotype. Because microglia are the resident macrophages
of the CNS, we hypothesized that IL-4, particularly the IL4 gen-
erated by ischemic neurons, would modify the phenotype of ad-
jacent microglia. We first demonstrated that cultured microglia
indeed express the IL-4R (Fig. 4A). Next, microglia were exposed
to the conditioned media transferred from the sublethal OGD-
treated neurons or to rIL-4; these microglia robustly upregulate
IL-4R mRNA (Fig. 4A, top) and protein (Fig. 4A, middle). IL-4R
induction by IL-4 occurred under fairly selective conditions be-
cause neither general proinflammatory lipopolysaccharide (LPS)
nor general anti-inflammatory dexamethasone (DEX) affected
IL-4R expression (Fig. 4A, bottom).

To ascertain whether IL-4 can modulate microglia phenotype,
we treated microglia in culture with rIL-4 and measured the in-
duction of several prototypic M2 genes: CD163, CD36, and
CD206 (Fig. 4B). We also sought to determine whether condi-
tioned media from the neurons exposed to sublethal OGD
(thereby containing IL-4; Fig. 2E) could also modulate microglia
phenotype; microglia were thus treated with the media harvested
from OGD-exposed neurons (M-OGD) or media harvested from
neurons that were not exposed to OGD. M-OGD, similar to rIL-4
(Fig. 4B), induced the expression of CD163, CD204, CD206, and
CD36, prototypic M2 genes (Fig. 3C). Under these experimental
conditions, IL-4 did not alter the expression of proinflammatory
M1 phenotype genes, such as nuclear factor-�B (p50, c-Rel), ma-
trix metalloproteinase 9 (MMP9), or IL-1�, nor the expression of
the anti-inflammatory cytokine IL-10 (Fig. 4B).

Interestingly, several of the rIL-4- or M-OGD-induced genes
[e.g., CD36, lipoprotein lipase (LPL), CD206, or PPAR�; Fig. 4C]
are established target genes of the transcription factor PPAR�,
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suggesting a possible interplay of IL-4 with PPAR� and PPAR�-
regulated genes.

IL-4 enhances microglial phagocytosis
After establishing that IL-4 can alter gene expression in microglia,
our next experiment was to determine whether these changes
were functionally relevant. One of the central roles of microglia in
the setting of ischemia/infarction is to conduct cleanup of injured
tissue via phagocytosis of cellular debris and irreparably dam-
aged/dead cells. With our next set of experiments, we examined
whether IL-4 could enhance the phagocytosis efficacy of micro-
glia. To simulate post-ischemic cleanup conditions, we used ap-
optotic neurons as the target of microglial phagocytosis.

After treatment of microglia with rIL-4, we observed a robust
augmentation in their ability to engulf apoptotic neurons (Fig.
5A). As demonstrated previously, several of the genes induced by
IL-4 are also prototypical PPAR� targets, including CD36 (Fig.
4B), a scavenger receptor likely responsible for promoting phago-
cytosis (Ren et al., 1995; Zhao et al., 2007; Woo et al., 2012).
Treatment of microglia with the PPAR� antagonist GW blocked
the pro-phagocytotic effect of rIL-4, as did treatment with the
prototypic PPAR� agonist ROS (Fig. 5A). This suggests that there
is likely interplay between PPAR� and IL-4 in microglial phago-
cytosis of apoptotic neurons.

IL-4 induces expression of trophic factors by microglia
Trophic factors represent a set of molecules that contribute to
tissue repair/healing. Microglia can be an important source of
these healing factors (Harada et al., 2002; Pollard, 2009). To test

whether IL-4 may enhance the pro-trophic capacity of microglia,
we exposed microglia in culture to a sublethal level of OGD
(again, simulating conditions that result in IL-4 production by
neurons) in the presence of neuronal debris (mimicking dam-
aged tissue), subsequently measuring the production of four se-
lected trophic factors demonstrated previously to be relevant in
post-stroke repair. Using this protocol, we discovered that OGD
selectively induced the expression of BDNF but not IGF-1 or
CNTF (Fig. 5B). When we repeated these experiments in the
presence of IL-4, there was robust induction of CNTF and IGF-1
(Fig. 5B). IL-4 did not appear to have any effect on the expression
of BDNF (Fig. 5B). Neither OGD nor IL-4 treatment affected
NGF-1 expression.

IL-4 is protective in an animal model of focal cerebral
ischemia
Encouraged by these in vitro results, we sought to explore (as
proof-of-concept) whether IL-4 could improve functional
neurologic outcome in an animal model of ischemic stroke.
First, we subjected mice to MCA/CCAo, administered rIL-4
subcutaneously as described in Materials and Methods (2 h
after the arterial occlusion), and then analyzed the affected
ipsilateral brain cortex for gene expression changes at 24 and
72 h after reperfusion. In agreement with our in vitro data, we
found a significant increase in the expression of several pro-
posed IL-4 target genes. Specifically, we found that IL-4R,
CD163, and several gene products regulated by PPAR� (cata-
lase, CD36, and PPAR� itself) were all upregulated after the
administration of rIL-4 (Fig. 5A).
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Figure 3. IL-4 is produced by neurons in culture. LDH (A), IL-4 mRNA (B; RT-PCR), and IL-4 protein (C; ELISA) produced by rat cortical neurons at 24 h after exposing the cells to OGD for 0.5, 2, and
24 h. In A and C, the data are expressed as mean � SEM (n 	 3). *p � 0.05 compared with the control (0 h) group (no OGD). The MAP2 immunofluorescence below shows the typical maturity stage
of rat cortical neurons in culture that were used in these experiments. D, The IL-4 promoter-driven luciferase activity in the rat cortical neuron cultures at 24 h after 15 min of GD, OD, or OGD. The IL-4
promoter-luciferase plasmids were pre-transfected into the neurons using JetPEI reagent 24 h before the OGD injury. The data are expressed as mean � SEM (n 	 5). *p � 0.05 compared with the
control (CON, JetPEI only). E, IL-4 protein accumulation in the rat neuronal culture medium at 0, 2, 6, and 24 h after exposing the cells to 30 min of OGD. The data are expressed as mean � SEM (n 	
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microglia. GAPDH is used as an internal control.
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Our next set of experiments sought to
determine the clinical benefit of IL-4 ad-
ministration using our IL-4 treatment
protocol: 2 �g/kg rIL-4 subcutaneously
beginning 2, 24, 48, and 72 h after stroke
onset (60 min of MCA/CCAo) compared
with saline-treated mice. Behavioral per-
formance 14 d after stroke onset was sig-
nificantly improved in the rIL-4-treated
group across a battery of five tests: corner,
forward placing, postural flexing, wire
hanging, and foot fault, with the compos-
ite score of all the tests referred to as grand
NDS (Fig. 6B, top and bottom). Intrigu-
ingly, the beneficial effect of rIL-4 was not
seen at day 1 and was not statistically sig-
nificant at day 3 or even day 7, suggesting
that the therapeutic mechanism of IL-4
was likely not one of acute cytoprotection
but instead one having to do with infarc-
tion maturation and brain repair. We also
assessed morphological damage after comple-
tion of the behavioral assessments (14 d) and
found that animals treated with IL-4 had
smaller lesion volumes (Fig. 6C).

Because the functional benefits of IL-4
emerged during the later stages of post-
stroke recovery (between days 7 and 14),
we investigated whether IL-4 administra-
tion could also be beneficial with a 24 h
treatment “delay.” We also sought to
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compare functional outcomes in stroke mice treated with IL-4
compared with those treated with the PPAR� agonist ROS, both
individually and when administered together (to determine
whether there was any type of a synergistic effect). Even delayed
treatment with rIL-4 (24 h) was nearly as effective as acute treat-
ment (2 h) in reducing the behavioral deficits 14 d after stroke
(Fig. 7A,B). When we compared rIL-4-treated mice with ROS-
treated mice, we found a similar profile of neurologic recovery
(Fig. 7A,B). Because we have proposed that IL-4 may exert its
effects via PPAR� pathways, we hypothesized that combining the
two together would not result in a synergistic effect on functional
outcome. Indeed, mice treated with IL-4 plus ROS performed
similarly to mice treated with IL-4 or ROS alone (Fig. 7A,B).

Last, after finishing behavioral testing at day 14, we analyzed
the mouse brains to determine the degree of tissue loss (e.g., the
degree of brain damage; Fig. 7C,D). Again, lesion volume in the
treated mice was modestly reduced (by 
20 –30%) in both IL-4-
and ROS-treated mice; this is similar to the degree of lesion vol-
ume limitation observed in the mice treated “acutely” (e.g.,
within 2 h).

When analyzing the relationship between the lesion volume
and neurological deficit for individual animals included in this
study, we found that the correlation coefficient between these
two parameters was � 2 	 0.89, indicating considerably strong
relationship.

Discussion
IL-4 is an influential cytokine, acting as a pleiotropic regulator of
numerous immune/inflammatory pathways (Brown, 2008;
Wang and Joyce, 2010). Recognized initially as a product of acti-
vated T cells stimulating B-cell proliferation (Howard et al., 1982;
Martinez et al., 2009), it has become evident that IL-4 is a central
initiator and effector of Th2 immune responses, M2 macrophage
polarization, and IgE secretion (Ricardo et al., 2008; Martinez et
al., 2009; Luzina et al., 2012). Although classically thought of as
being secreted by T cells, mast cells, basophils, or eosinophils, our

study is novel in identifying neurons as the source of IL-4 in
ischemic brain tissue. We demonstrated experimentally this in
(1) primary brain cells in culture in which only neurons ex-
pressed the IL-4 gene in response to brief OGD and (2) an animal
model of ischemic stroke in which IL-4 expression as early as 1 h
after reperfusion occurred primarily in cells expressing the neu-
ronal marker NeuN. At 1 h after stroke, there were no CD3-
expressing cells in the brain. Indeed, in other experimental stroke
models, T cells did not infiltrate the ischemic brain until after 24 h
(Schroeter et al., 1994; Stevens et al., 2002; Arumugam et al.,
2005; Hallenbeck et al., 2005; Yilmaz et al., 2006; Gelderblom et
al., 2009; Zierath et al., 2010; Iadecola and Anrather, 2011; Zhou
et al., 2013). In one of our previous studies, IL-4 mRNA expres-
sion was also observed after 15 min of MCA/CCAo, an insult
unlikely to induce immune cell infiltration into the brain, lending
additional support to the non-immune origin of IL-4 in this set-
ting (Aronowski et al., 1999).

Here, we explored the functional response to IL-4 administra-
tion in both microglia cell culture and our animal model of focal
brain ischemia. In vitro, IL-4 was able to induce the expression of
genes typifying the M2 microglial phenotype and to stimulate
PPAR�-dependent phagocytosis of apoptotic neurons. In our an-
imal model, this translated to decreased lesion size and greater
neurologic recovery at 14 d after stroke. We believe that our study
has identified a unique NVU regulatory signaling circuit whereby
ischemic neurons defend against tissue injury via IL-4. We
propose that, in areas of sublethal ischemia—representing the
ischemic penumbra—neuron-derived IL-4 acts on adjacent mi-
croglia, polarizing these microglia toward a healing M2 pheno-
type with gene expression profiles mirroring those of PPAR�.

In models of cerebral ischemia, the infarcted tissue not only
acts as a reservoir of cytotoxic and proinflammatory molecules
that may harm adjacent healthy brain, it also forms a physical
barrier hampering neural reorganization, repair, and recovery.
Microglia, with their phagocytic functions, are therefore primed
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to be executors of the cleanup/repair processes, beginning with
the removal of infarcted debris. We and others have demon-
strated that PPAR� signaling upregulates microglial expression
of scavenger receptors (Zhao et al., 2007; A-Gonzalez and Hi-
dalgo, 2014), including CD36 (a central PPAR� gene target),
thereby augmenting phagocytosis (Ren et al., 1995; Majai et al.,
2007; Zhao et al., 2007; Woo et al., 2012). In this study, we were
able to demonstrate that microglia treated with IL-4 had a signif-
icantly greater phagocytosis efficacy, similar to microglia treated
with a PPAR� agonist. This was inhibited by coadministration of
a PPAR� blocker, arguing that the pro-phagocytosis effect of IL-4
is likely mediated via PPAR� signaling. In clinically relevant an-
imal models of intracerebral hemorrhage (ICH) (Zhao et al.,
2007) and postnatal ischemic stroke (Woo et al., 2012), PPAR�
and CD36 have been suggested as key players in cleaning up after
acute brain injury. Likewise, studies in patients with ICH have
demonstrated that hematoma resorption is impaired in CD36-
deficient patients, correlating with poorer short-term neurologic
outcomes (Fang et al., 2014).

Regarding the time course of the IL-4 signaling circuit, in our
in vivo model, CD68-expressing microglia/macrophages (M�)
were present in the ischemic tissue for weeks. Conversely, the
production of IL-4 lasted for only the first 2–3 d (Fig. 8). Inter-
estingly, in a study by Suenaga et al. (2015), the expression of
markers indicative of M2 M� peaked 7 d after stroke, whereas the
expression of M1 markers peaked 14 d after stroke, suggesting a
progressive M2-to-M1 phenotype shift. Because neuronal IL-4
production appears to be transient, it may be that, unless IL-4 is
replenished by another source, the therapeutic effects of IL-4

polarization to an M2 phenotype are lost within days after stroke
onset, allowing the M1 presence to strengthen. In other words,
the loss of IL-4 signaling may represent a significant contributor
to M2 phenotype loss after stroke.

In preclinical models of ischemic stroke, the therapeutic time
window for acute neuroprotection has proven relatively short.
Specifically, no single therapeutic agent of �50 tested in our lab-
oratory during the past two decades resulted in acute infarct vol-
ume reduction if intervention was delayed beyond 2 h. Therefore,
we were not surprised when rIL-4, ROS, and even the combina-
tion of both did not result in significantly improved outcomes at
24 h or 3 d after stroke. The limited utility of IL-4 as an acute
neuroprotectant after stroke was also inferred from a study
whereby intracerebroventricular administration of rIL-4 to mice
30 min before stroke onset was ineffective in reducing infarct
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volume/neurologic dysfunction (Xiong et al., 2011). Conversely,
IL-4 deficiency in the same stroke model resulted in a greater
degree of acute ischemic damage; this damage was reversed by
intracerebroventricular rIL-4 pretreatment (Xiong et al., 2011),
suggesting that mechanistically, IL-4 is somehow involved in the
modulation of ischemic brain damage.

It was rather unexpected when we discovered that IL-4 had a
fairly strong delayed therapeutic efficacy in our animals, even
when rIL-4 was administered not at 2 h but at 24 h after MCA/
CCAo. The mechanisms underlying this delayed recovery are not
entirely clear. The polarization of microglia to the healing M2
phenotype may result in the augmentation of subacute to chronic
brain repair processes rather than to any acute cytoprotection
(Derecki et al., 2011). We have demonstrated in this study in-
creased production of various trophic factors by microglia
treated with IL-4. Two of these trophic factors, IGF1 and CNTF,
have been associated with “brain rewiring” in other studies (Zhao
et al., 2005; Kang et al., 2013). IL-4 itself may also have a direct
effect on delayed repair of the NVU, perhaps via modulation of
angiogenesis (Fukushi et al., 1998). Recently, we have seen a sim-
ilar delayed post-stroke recovery in our focal ischemia animals in
the setting of cell therapy. In one study of mononuclear cell
(MNC) therapy, mice who received a single MNC 24 h after
stroke ictus had a modest, albeit reproducible reduction in brain
tissue loss as determined 28 d after the stroke (Yang et al., 2013).
We should also consider that other neuronally secreted cytokines
may be adding to the effect of IL-4. For instance, other studies
have demonstrated that ischemic neurons can release lipocalin-2,
a “help-me” signal to adjacent neuroglia, resulting in the activa-
tion of pathways that ultimately improve the resistance of the
neurons to ischemic insults and promote neurovascular recovery
(Xing et al., 2014; Wu et al., 2015). Additional studies are needed
to define the gamut of ischemic neuronal help-me signals that
may be produced alongside IL-4.

IL-4 as a potential therapeutic may have significant clinical
relevance. For more than a decade, rIL-4 has been studied as a
potential therapy for various types of human cancers (Ghosh et
al., 1993). Previous clinical work suggests that rIL-4 is well toler-
ated at the low end of the dose range; specifically, doses of 0.25–5
�g/kg are likely safe (Prendiville et al., 1993; Leach et al., 1997;
Vokes et al., 1998). Therefore, we chose the 2 �g/kg dose, admin-
istered subcutaneously, for our MCA/CCAo studies. Previous
pharmacokinetic studies have revealed that, after subcutaneous
administration, IL-4 is present in the serum for as long as 8 –12 h
after its administration, whereas it is rapidly cleared (with a half-
life of �1 h) after intravenous administration (Prendiville et al.,
1993). Needless to say, additional studies clarifying the optimal
dose and therapeutic time window of IL-4 in focal brain ischemia
models are warranted.

In conclusion, our study results demonstrate uniquely the
following: (1) in response to sublethal ischemia, IL-4 is preferen-
tially produced and secreted by neurons; (2) under conditions
simulating ischemia, neuronal IL-4 upregulates IL-4R expression
on cultured microglia, allowing for a “feedforward” regulation of
these cells; (3) IL-4 via PPAR�-dependent mechanisms stimu-
lates microglial phagocytosis, enabling efficient clearance of ap-
optotic neurons; (4) IL-4 also upregulates microglial expression
of trophic factors; and (5) in an animal model of focal ischemia,
systemic administration of rIL-4 reduces ischemic lesion volume
and is associated with an improved functional neurologic status
at 14 d after stroke. We propose that IL-4 secreted by ischemic
neurons represents an endogenous defense mechanism, playing a
vital role in the regulation of brain cleanup and repair after

stroke. Modulation of IL-4 and its associated pathways could
represent a potential target for ischemic stroke treatment.
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